Moderate Resolution Imaging Spectroradiometer (MODIS) is the keystone instrument for NASA's EOS Terra and Aqua missions, designed to extend and improve heritage sensor measurements and data records of the land, oceans and atmosphere. The reflective solar bands (RSB) of MODIS covering wavelengths from 0.41 µm to 2.2 µm, are calibrated on-orbit using a solar diffuser (SD), with its on-orbit bi-directional reflectance factor (BRF) changes tracked using a solar diffuser stability monitor (SDSM). MODIS is a scanning radiometer using a two-sided paddlewheel mirror to collect earth view (EV) data over a range of ±55⁰ off instrument nadir. In addition to the solar calibration provided by the SD and SDSM system, lunar observations at nearly constant phase angles are regularly scheduled to monitor the RSB calibration stability. For both Terra and Aqua MODIS, the SD and lunar observations are used together to track the on-orbit changes of RSB response versus scan angle (RVS) as the SD and SV port are viewed at different angles of incidence (AOI) on the scan mirror. The MODIS Level 1B (L1B) Collection 6 (C6) algorithm incorporated several enhancements over its predecessor Collection 5 (C5) algorithm. A notable improvement was the use of the earth-view (EV) response trends from pseudo-invariant desert targets to characterize the on-orbit RVS for select RSB (Terra bands 1-4, 8, 9 and Aqua bands 8, 9) and the time, AOI, and wavelengthdependent uncertainty. The MODIS Characterization Support Team (MCST) has been maintaining and enhancing the C6 algorithm since its first update in November, 2011 for Aqua MODIS, and February, 2012 for Terra MODIS. Several calibration improvements have been incorporated that include extending the EV-based RVS approach to other RSB, additional correction for SD degradation at SWIR wavelengths, and alternative approaches for on-orbit RVS characterization. In addition to the on-orbit performance of the MODIS RSB, this paper also discusses in detail the recent calibration improvements implemented in the MODIS L1B C6.
Introduction
The reflective solar bands (RSB) for Terra and Aqua MODIS instruments cover the 0.41 to 2.2 µm wavelength range. Both MODIS instruments underwent extensive prelaunch characterization. The on-orbit calibration of the RSB is primarily based on solar diffuser (SD) and lunar measurements. In the case of some short wavelength bands, the on-board measurements are supplemented with earth-scene measurements from pseudo-invariant desert targets for a more accurate characterization of the non-linear scan-angle dependence. The design of the MODIS instrument and calibration mechanism has been well documented [1], [2] , [3] . The goal of this paper is to present a detailed summary of the on-orbit calibration performance of the MODIS RSB. The MODIS Collection 6 (C6) Level 1B (L1B) algorithm has been operational since November, 2011 for Aqua MODIS, and February, 2012 for Terra MODIS and has enhanced the accuracy of the MODIS products in comparison with its predecessor Collection 5 (C5) L1B. Since then, several calibration improvements have been incorporated to further enhance the calibration accuracy.
Section 2 provides a brief review of MODIS RSB calibration and the main improvements in Collection 6. The onorbit performance is assessed in section 3 with specific subsections detailing long-term performance of the SD degradation, gain, RVS, signal-to-noise ratio (SNR), uncertainty, as well as measurements of earth-view targets. Through data analysis and collaboration with the MODIS Sensor Working Group (MsWG), the MODIS Characterization Support Team (MCST) has identified a number of improvements to the C6 algorithm. These enhancements are detailed in section 4. Also discussed in section 4 are future plans for algorithm improvement and the associated challenges when calibrating these sensors. This paper concludes with a summary in section 5.
RSB Calibration Overview
MODIS RSB are calibrated independently for each spectral band, detector, subframe, and mirror side. Additionally, the RSB calibration includes response versus scan angle (RVS) that is needed to track the on-orbit gain changes at different scan-angles. Each measurement frame of the Earth View (EV) scene is recorded at a different angle of incidence on the rotating double-sided scan mirror. For most RSB, the RVS is based on measurements of the onboard SD [AOI = 50.25º] and Moon [AOI = 11.25º]. The SD calibration requires the SD door to be opened, so the SD can be illuminated by direct sunlight. A 7.8% transmittance screen can be moved into place over the SD door to allow the calibration for high-gain ocean bands that would otherwise saturate. A spacecraft roll maneuver is scheduled approximately once a month to allow the instrument to measure the Moon through the instrument space view (SV) port [4] .
The AOI-dependent gain is determined by a linear fit through these two data points over the entire AOI range of 10º to 60.5º. For some of the shorter wavelength bands, a linear function is insufficient to accurately capture the RVS at AOIs far from the SD and SV port angles. The nonlinear effect is most apparent in MODIS bands 8 and 9 and also results in a long-term drift in the reflectance trending. MCST has developed an additional calibration procedure for these bands using EV data over pseudo-invariant calibration sites [PICS] [5] . These sites are located in North African desert regions that have demonstrated stable reflectance characteristics over mission timescales. MODIS views these site at several AOIs across the full AOI range. The instrument gain at all AOIs is modeled as a best-fit function of these earth-scene measurements along with the results from SD and lunar calibrations. The EV-based RVS has been implemented in Collection 6 Level 1B for Terra bands 1-4, 8-10 and Aqua bands 8 and 9 [6] . As both missions continue to operate beyond their designed life, the EV-based RVS characterization approach could be extended to other bands.
On-orbit Performance

A. SD degradation from SDSM measurement
The SDSM is operated on a regular basis to monitor the degradation of the SD. In early mission, the SDSM was operated more frequently (weekly, bi-weekly) before its current configuration of once every three weeks. Due to an anomaly with the Terra SD screen (SDS) operation, the SD door has been fixed open with SDS permanently in place since July 2, 2003 (vertical dotted line in Figure 1a ). This has resulted in the availability of an SD calibration every orbit, but the SDSM continues to be operated once every three weeks. In the case of Aqua, the SD door is still operable, a calibration with the SDS in place is performed once every three weeks and a calibration without the SDS is performed every six weeks. Figure 1 shows the SD reflectance degradation trending for SDSM detectors 1 (0.41 µm), 4 (0.55 µm), and 7 (0.85 µm) of both MODIS instruments. A clear wavelength-dependent trend is evident with most degradation observed at short wavelengths, and with more degradation observed for Terra MODIS (due to increased exposure caused by the door anomaly). The results for other detectors further reaffirms the wavelength dependence with the D9 (0.936 µm) exhibiting the least degradation. A summary of the total degradation with annual degradation rates is provided in Table I . More details of the performance of the SDSM can be found in [7] . . SD degradati Noise Ratio (SN used to assess observations. nd in [8] . The ith the excepti ther bands con DIS band 6 duri ow specificatio e II shows the 007 and 2015 fo not meet the s ts of these band 
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